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DNA helicase I, encoded on the Escherichia coli F plasmid, catalyzes a site- and strand-specific nicking
reaction within the F plasmid origin of transfer (oril) to initiate conjugative DNA strand transfer. The product
of the nicking reaction contains a single phosphodiester bond interruption as determined by single-nucleotide
resolution mapping of both sides of the nick site. This analysis has demonstrated that the nick is located at
precisely the same site previously shown to be nicked in vivo (T. L. Thompson, M. B. Centola, and R. C.
Deonier, J. Mol. Biol. 207:505-512, 1989). In addition, studies with two oriT point mutants have confirmed the
specificity of the in vitro reaction. Characterization of the nicked DNA product has revealed a modified 5' end
and a 3' OH available for extension by E. coli DNA polymerase I. Precipitation of nicked DNA with cold KC1
in the presence of sodium dodecyl sulfate suggests the existence of protein covalently attached to the nicked
DNA molecule. The covalent nature of this interaction has been directly demonstrated by transfer of
radiolabeled phosphate from DNA to protein. On the basis of these results, we propose that helicase I becomes
covalently bound to the 5' end of the nicked DNA strand as part of the reaction mechanism for phosphodiester
bond cleavage. A model is presented to suggest how helicase I could nick the F plasmid at oriT and subsequently
unwind the duplex DNA to provide single-stranded DNA for strand transfer during bacterial conjugation.
Escherichia coli DNA helicase I, the product of the traI
gene on the self-transmissible F plasmid (4), was first puri-
fied as a DNA-dependent ATPase with helicase activity (1,
2). Both the ATPase (2, 3, 12) and helicase activities (1, 3, 5,
11, 12, 28) of this protein have been extensively character-
ized. The enzyme unwinds duplex DNA in a reaction cou-
pled with the hydrolysis of a nucleoside 5'-triphosphate
(NTP), usually ATP. The unwinding reaction is processive in
mechanism; a fixed concentration of the enzyme is able to
unwind partial duplex substrates with increasing lengths to
similar extents and at similar rates (12). Unwinding is in the
5'-to-3' direction, and helicase I appears to remain associ-
ated with the DNA molecule, presumably at the 3' end,
dissociating only slowly (12). Genetic studies indicate a role
for helicase I in transfer of the F plasmid from a donor cell to
a recipient cell during bacterial conjugation (9). Models have
been advanced suggesting that helicase I unwinds the F
plasmid to produce the single strand of DNA transferred to
the recipient bacterium. Indeed, it has been inferred that the
unwinding reaction catalyzed by helicase I provides the
motive force required for strand transfer (29-31). The pro-
cessivity of the helicase I unwinding reaction makes this
enzyme an attractive candidate for this role in bacterial
conjugation.
More recently, a third biochemical activity associated
with helicase I has been discovered. The purified enzyme
catalyzes the formation of a site- and strand-specific nick in
the origin of transfer (oriT) on the F plasmid (15, 19). It is
known that conjugative DNA transfer initiates from a nick
within oriT on the F plasmid. A single strand of the F
plasmid (or a portion of the chromosome in Hfr strains) is
then transferred, with a 5'-to-3' polarity, into the recipient
cell (for reviews, see references 28 to 31). Helicase I has
been shown to catalyze the formation of this nick in oriT in
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a reaction that requires MgCl2 and a supercoiled DNA
substrate with the oriT sequence (15, 19). This is consistent
with genetic data which suggest that the product of the traI
gene is involved in the nicking reaction that initiates bacte-
rial conjugation (25, 26). Although it has long been assumed
that the traY gene product was also part of the oriT-specific
endonuclease (8, 13, 26), the in vitro nicking reaction re-
quires the addition of no other proteins. Thus, helicase I
must contain the catalytic site required for oriT site- and
strand-specific nicking. However, other proteins (i.e., TraY
protein, TraM protein, or integration host factor) may also
have a role in modulating this reaction in vivo.
In the work reported here, we provide a characterization
of the DNA product of the oriT nicking reaction catalyzed by
helicase I. The nicked DNA strand is modified on the 5' end.
The direct transfer of a radiolabeled phosphate from DNA to
helicase I indicates that helicase I is covalently bound in a
nicked DNA-protein complex. The 3' OH at the nick site can
be extended by E. coli DNA polymerase I. Taken together,
the data suggest that helicase I is covalently bound to the 5'
end of the nicked DNA strand as the phosphodiester bond is
cleaved.
MATERIALS AND METHODS
Enzymes and antibodies. DNA helicase I (TraIp; Mr =
190,000) was purified as previously described (15). Restric-
tion endonucleases were purchased from New England
Biolabs, U.S. Biochemicals, or Life Technologies, Inc., and
were used according to the instructions of the suppliers.
Proteinase K was from Boehringer Mannheim. Bacterio-
phage T4 DNA ligase and polynucleotide kinase were from
New England Biolabs. E. coli DNA polymerase I (PolI) was
from International Biotechnologies, Inc.
Anti-helicase I antibodies were prepared from rabbits by
Hazelton Research, Inc., using purified helicase I. The
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serum obtained from immunized rabbits was used directly
without further purification.
DNAs and nucleotides. All plasmids were grown in E. coli
HB101 and purified by alkaline-sodium dodecyl sulfate
(SDS) lysis (14) followed by banding in CsCl-ethidium bro-
mide gradients. The plasmid pBSoriT is a derivative of
pBluescript (Stratagene) containing the F plasmid otiT re-
gion from the BglII site to the Sail site as previously
described (15).
NTPs were purchased from U.S. Biochemicals, and con-
centrations were determined by directly reading the absor-
bance at the appropriate wavelength. [cx-32P]dCTP and
[-y-32P]ATP were from Amersham, Inc., or ICN Biomedi-
cals.
Nicking reactions. Reaction mixtures (16 ,ul each) con-
tained 50 mM Tris-HCl (pH 7.5), 1 mM MgCl2, 50 mM NaCl,
1 mM dithiothreitol, 30 ,ug of bovine serum albumin per ml,
13 to 16% glycerol, and the indicated amounts of pBSoriT
DNA and helicase I. Incubation was at 370C for 30 min
(unless otherwise indicated), and then EDTA to 10 mM, SDS
to 0.1%, and proteinase K to 100 pug/ml were added. Incu-
bation was continued for 30 min at 370C. The reaction
products were analyzed on 1.0% agarose gels containing 0.5
,ug of ethidium bromide per ml. Electrophoresis was at 2
V/cm at 4°C for 12 to 16 h. The running buffer was 89 mM
Tris-89 mM borate-2 mM EDTA (1x TBE).
Polynucleotide kinase reaction. pBSoriT DNA (5.3 ,ug) was
nicked by helicase I (8 ,ug) in a standard reaction mixture (80
pl), and the products were resolved on a 0.8% agarose gel
run in Tris-acetate-EDTA buffer (14). The nicked DNA was
isolated and purified free of agarose with Geneclean (Bio
101, Inc.). The isolated, nicked DNA (-1 ,ug) was incubated
with the indicated restriction enzymes for 30 to 60 min at
37°C, phenol-CHCl3 extracted, and precipitated with etha-
nol. After being suspended in a small volume of 10 mM
Tris-HCl (pH 8)-i mM EDTA (TE), the DNA was heat
denatured at 95°C for 5 min and quick-cooled to minimize
reannealing of the denatured strands. Phage T4 polynucle-
otide kinase reactions, with the denatured DNA as the
substrate, were as described for the exchange reaction (14)
with 30 ,uCi of [_y-32P]ATP and 10 U of enzyme. Unincorpo-
rated radioactivity was removed by using a spin column
(Pharmacia-LKB), and samples were phenol-CHCl3 ex-
tracted, precipitated with ethanol, and suspended in 25 pl. of
100 mM NaOH-1 mM EDTA-15% glycerol-0.5% loading
dyes. Alkaline agarose gels (1.0%) were cast in 50 mM
NaCl-1 mM EDTA-100 mM NaOH as described elsewhere
(14).
Electrophoresis was at 2 V/cm for 14 to 18 h at 4°C. Gels
were neutralized in 0.5 M Tris-HCl (pH 8) and then soaked
in 1x TBE buffer. DNA was visualized by being stained with
ethidium bromide (1 pg/ml). After photography, the gels
were dried onto Whatman 3MM filter paper and analyzed by
autoradiography.
Ligase reactions. pBSoriT DNA nicked by helicase I was
isolated as described above and then phenol-CHCl3 ex-
tracted, precipitated with ethanol, and suspended in an
appropriate volume of TE. pBSoriT DNA nicked by HincII
in the presence of 25 ,ug of ethidium bromide per ml (21) was
isolated by the same protocol and used as a positive control.
Ligase reaction mixtures (20 pl) contained 50 mM Tris-HCI
(pH 7.5), 10 mM MgCl2, 20 mM dithiothreitol, 50 pg of
bovine serum albumin per ml, 1 mM ATP, 2.5 U of phage T4
DNA ligase, and either helicase I-nicked pBSoriT DNA or
HincII-nicked pBSoriT DNA (-100 ng). Incubation was at
30°C for 4 h. The entire reaction mixture was loaded onto a
1.0 agarose gel containing 0.5 pug of ethidium bromide per ml.
Electrophoresis was at 2 V/cm for 12 to 14 h at 40C in lx
TBE running buffer.
E. coli DNA Poll reactions. pBSoriT DNA (300 ng) was
incubated with the indicated amount of helicase I in a
standard reaction mixture (20 1.l) as described above. After
incubation with proteinase K in the presence of SDS, the
volume of the reaction mixture was increased to 100 pl by
the addition of 10 mM Tris-HCl (pH 8)-0.1 mM EDTA-100
mM NaCl, and the samples were phenol-CHCl3 extracted
and precipitated with ethanol. The nicked DNA was resus-
pended in 16 Al of reaction buffer (lacking helicase I) and
supplemented as described below. In some cases, the
EDTA-SDS-proteinase K treatment was omitted as indi-
cated in Fig. 5. Nicked DNA, prepared as described above,
was supplemented with 60 p.M dTTP, 60 pLM dATP, 60 .LM
dGTP, and 0.1 p.Ci of [ot-3,P]dCTP, and E. coli DNA Poll
(0.5 U) was added. Incubation was at 370C for 10 min. The
reaction was terminated by the addition of 4 pl of 50 mM
EDTA-1% SDS-37% glycerol-0.5% loading dyes, and the
mixture was loaded onto a 1.0% agarose gel containing 0.5
pug of ethidium bromide per ml. Electrophoresis was at 2
V/cm for 12 to 14 h at 40C. After photography, the gels were
dried and analyzed by film autoradiography.
Mapping of the 3' side of the nick site. pBSoriT DNA (4 pg)
was nicked with helicase I and isolated on an agarose gel as
described above. The nicked DNA was cleaved with RsaI
and treated with bacterial alkaline phosphatase as described
elsewhere (14). To remove the bacterial alkaline phos-
phatase, SDS and proteinase K were added to the reaction
mixture to 0.1% and 100 pg/ml, respectively, and incubation
was continued at 650C for 30 min. The DNA was phenol-
CHCl3 extracted, precipitated with ethanol, and suspended
in TE buffer. Available 5' ends were labeled with phage T4
polynucleotide kinase and [-y-32P]ATP in the forward reac-
tion as described elsewhere (14). Unincorporated radioactiv-
ity was removed by chromatography on a Sepharose 6B-Cl
column. The void volume containing the DNA was pooled
and ethanol precipitated, and the DNA fragment containing
the oriT region was isolated on a neutral agarose gel. The
DNA was purified from the agarose gel slice with Geneclean
(Bio 101, Inc.) and eluted in TE buffer. The nicked, 5'-end-
labeled DNA fragment was mixed with an equal volume of
95% formamide plus loading dyes, and the mixture was
heated for 3 min at 950C just prior to being loaded on a 6%
polyacrylamide-7 M urea sequencing gel with the appropri-
ate markers. Dideoxynucleotide sequencing reaction mark-
ers utilized a primer, 5'-dACCACCCCTACAAAACGG-3',
which hybridized at the RsaI site located in the oniT region in
pBSoriT DNA (see Fig. 1). These reactions were performed
with the Sequenase kit from U.S. Biochemicals.
Preparation of supercoiled pBSoriT [132P DNA. pBSoriT
DNA (5 pug) was nicked with helicase I in a standard nicking
reaction mixture (80 Al) and treated with proteinase K in the
presence of SDS, and the nicked DNA was isolated on an
agarose gel as described above. Radiolabeled phosphate was
incorporated into the DNA at the nick site by nick transla-
tion with E. coli DNA polymerase I (1 U) in a reaction
mixture (50 Rl) containing 10 mM Tris-HCl (pH 7.5), 10 mM
MgCl2, 50 mM NaCl, 1 mM dithiothreitol, 60 IuM each
dATP, dCTP, and d'TlP, and 20 tLCi of [a-32P]dGTP. Incu-
bation was for 60 min at 16'C followed by heat inactivation
at 650C for 15 min. E. coli DNA Poll can remove the amino
acid residues remaining bound on the 5' side of the nick site
after treatment with proteinase K, presumably attached to a
small oligonucleotide, during the course of nick translation.
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FIG. 1. Physical map and partial sequence of pBSoriT DNA. A
partial restriction map of pBSoriT DNA is shown. This plasmid
contains the F plasmid oriT sequence from the BgiII site to the Sall
site cloned into pBluescript as previously described (15). A partial
sequence of F plasmid oriT, with relevant restriction sites and the
nick site indicated, is also shown. It should be noted that the
sequence shown does not extend all the way to the SalI restriction
site. The arrowhead indicates the nick site.
This procedure ensures the incorporation of a radiolabeled
phosphate in the phosphodiester bond that is cleaved by
helicase I. The resulting [32P]DNA was reacted with phage
T4 DNA ligase (400 U) in the presence of 12 ,ug of ethidium
bromide per ml to produce supercoiled pBSoriT [32P]DNA.
The resulting supercoiled DNA was isolated on an agarose
gel, purified from the agarose gel slice with Geneclean (Bio
101, Inc.), and eluted in a minimal volume of TE buffer.
Other methods. Agarose gels were transblotted onto nitro-
cellulose in a Hoefer transblot apparatus with 0.5 x TBE
buffer at 30 V for 6 to 8 h at 4°C. DNA concentrations were
determined by directly reading theA2w and are expressed as
nucleotide equivalents. Protein concentrations were deter-
mined by the Bio-Rad assay with bovine serum albumin as
the standard.
RESULTS
Mapping the 3' end of the nicked DNA strand. A partial
restriction map of pBSoriT and the DNA sequence of a
portion of the onT region from F plasmid are shown in Fig.
1. Our previous results (15) mapped the 5' side of the nick
site, at single-nucleotide resolution, to nucleotide 140 (rela-
tive to the BglII site) on the lower strand of F onT (Fig. 1).
However, the precise location of the 3' side of the strand
interruption was not determined. This presented the formal
possibility that helicase I introduces a small gap in the DNA
substrate.
The 3' end of the nicked DNA strand was mapped at
single-nucleotide resolution by the following protocol. Heli-
case I-nicked pBSoriT DNA was isolated on an agarose gel
as described under Materials and Methods and then digested
to completion with RsaI to produce three DNA fragments,
one of which contains the relevant portion of oriT (Fig. 1).
All available 5' ends were phosphorylated with phage T4
polynucleotide kinase in the presence of [-y-32P]ATP, and the
1,424-bp DNA fragment containing the nicked site was
isolated on an agarose gel. It should be noted that the 5' end
at the nick site is resistant to phosphorylation with polynu-
cleotide kinase (see below). For this reason, this site does
not interfere with this experiment. The location of the 3' side
of the nick site was determined by comparing the length of
the 5'-end-labeled, single-stranded DNA fragment resulting
from the nick with those of dideoxynucleotide sequencing
markers initiated from the RsaI site within oriT (Fig. 2).
By this method of analysis, the 5'-end-labeled DNA frag-
ment was 150 nucleotides in length. The 5' end of this DNA
fragment is defined by the RsaI digest and maps at position
290 on the oriT map (Fig. 1). Thus, the 3' end of the DNA
fragment is at position 141 relative to the BgiII site in onT.
This is immediately adjacent to the 5' side of the strand
interruption, indicating that helicase I catalyzes the cleavage
of a single phosphodiester bond in the backbone of the DNA
molecule with the removal of no nucleotides. It should be
noted that this site is identical with the onT nick site mapped
previously with DNA nicked in vivo (23). Thus, the in vitro
reaction accurately reflects the in vivo reaction in terms of
nick site specificity.
To further substantiate the accuracy of the in vitro nicking
reaction, we took advantage of the existence of two pheno-
typically Tra- onT point mutants that had been isolated
previously (22). Each mutant contains a single C-to-T tran-
sition mutation (Fig. 3) that inactivates oniT function by
preventing onT site- and strand-specific nicking (22). The
mutant plasmids were tested in the in vitro nicking reaction
with purified helicase I (Fig. 3). Neither mutant could be
nicked, even at high concentrations of helicase I, by the
purified protein. This is consistent with the results observed
in vivo and strengthens our conclusions (i) that helicase I
contains the catalytic site responsible for site- and strand-
specific nicking at the F plasmid oniT and (ii) that the in vitro
reaction accurately reflects the in vivo reaction in terms of
site specificity.
pBSoriT DNA nicked by helicase I is not a substrate for
DNA ligase. To determine whether pBSoriT DNA that had
been nicked by helicase I could be ligated with phage T4
DNA ligase, nicked DNA was isolated as described under
Materials and Methods and incubated with DNA ligase (Fig.
4). The products of the ligation reaction were then resolved
on an agarose gel run in the presence of ethidium bromide.
Covalently closed circular DNA will migrate as a positively
supercoiled DNA molecule under these conditions because
of the intercalation of ethidium bromide. We detected no
DNA migrating at the position of positively supercoiled
DNA after incubation of helicase I-nicked pBSoriT DNA
with T4 DNA ligase (Fig. 4, lane 2). A control reaction, with
DNA nicked by the restriction endonuclease HincII in the
presence of ethidium bromide, produced the expected posi-
tively supercoiled DNA species on the agarose gel (Fig. 4,
lane 4). Thus, the DNA ligase was active, and the procedure
VOL. 175, 1993
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FIG. 3. Two onT mutants are not nicked by helicase I. Nicking
reaction mixtures were as described in Materials and Methods with
the indicated plasmids (300 ng per reaction) and the indicated
amounts of helicase I (Tralp). Incubation was at 370C for 30 min
followed by a second incubation with SDS and proteinase K as
described in Materials and Methods. Lanes 6 and 10 contained no
helicase I; the plasmid was cleaved with XbaI to provide a linear
plasmid marker. The positions of the nicked, linear, and supercoiled
forms of each plasmid have been indicated. A portion of the F
plasmid oriT sequence is shown at the top, with the two point
mutations indicated. The arrowhead denotes the position of the nick
site.
introduced by helicase I would be the absence of appropriate
ends.
The 3' side of the nick has a 3' OH. To test for the presence
of a 3' OH at the nick site, pBSoriT DNA, nicked by helicase
I, was incubated with E. coli DNA Poll under conditions
designed to allow nick translation. The products of this
reaction were then resolved on an agarose gel to determine
whether there was incorporation of a labeled nucleotide into
the nicked DNA molecule (Fig. 5). Nicked pBSoriT DNA
that had been treated with proteinase K and extracted with
phenol-CHCl3 after incubation with helicase I was a sub-
strate for the incorporation of [32P]dCMP (Fig. SB, lanes 1 to
3). This result suggested the presence of a 3' OH that could
be extended by Poll. In addition, the amount of [32P]dCMP
FIG. 2. Mapping of the 3' side of the nick site. The length of the
5'-end-labeled DNA fragment from the RsaI site in onTto the 3' side
of the strand interruption was determined as described in Materials
and Methods. Lane N, 5'-end-labeled DNA fragment; lanes G, A, T,
and C, dideoxynucleotide sequence markers initiated at the RsaI
site in the oriT sequence. Nucleotide coordinates on oriT (see Fig. 1)
are indicated on the right.
used for isolation of the nicked DNA species did not
introduce inhibitors into the reaction mixture.
The experiment described above utilized nicked DNA that
had been treated with SDS and proteinase K. If this treat-
ment was excluded and DNA ligase was added directly to
reaction mixtures after an incubation with helicase I, we still
failed to detect positively supercoiled DNA on an agarose
gel (data not shown). On the basis of these results, we
conclude that the nick introduced into pBSoriT cannot be
sealed with DNA ligase. It is known that phage T4 DNA
ligase requires the presence of a 5' P04 and a 3' OH at the
nick site to catalyze a ligation reaction (7). Therefore, a
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FIG. 4. The nick cannot be ligated with phage T4 DNA ligase.
Tralp (helicase I)-nicked pBSoriT DNA and HincII-nicked pBSoriT
DNA were prepared and ligase reactions were performed as de-
scribed in Materials and Methods. Lanes: 1 and 2, TraIp-nicked
pBSoriT DNA incubated without and with T4 DNA ligase, respec-
tively; 3 and 4, HincII-nicked pBSoriT DNA incubated without and
with T4 DNA ligase, respectively; 5, 300 ng of negatively super-
coiled pBSoriT DNA; 6, 300 ng of pBSoriT DNA cleaved with XbaI.
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FIG. 5. The nick site has a 3' OH. Nicking reactions were as
described in Materials and Methods, except that the reaction
mixtures indicated in lanes 4 to 6 contained 1 mM EDTA instead of
1 mM MgCl2 and that the second incubation with EDTA, SDS, and
proteinase K (Prot. K) was omitted in the reactions indicated in
lanes 7 to 9. Lane 10 contains pBSoriT DNA cleaved with XbaI to
yield a linear DNA molecule. TraI protein (helicase I) was added to
each reaction mixture as indicated. (A) Ethidium bromide-stained
agarose gel. The positions of nicked, linear, and supercoiled
pBSoriT DNAs have been indicated. (B) An autoradiograph of the
agarose gel shown in panel A. For quantitation, the dried gel was cut
and counted in a liquid scintillation counter.
incorporated into the nicked DNA species was proportional
to the amount of helicase I added to the reaction mixture
(data not shown). This indicated that the DNA synthesis
being measured was specific for nicks introduced by helicase
I. Control reactions, in which helicase I was incubated with
pBSoriT DNA in the presence of EDTA, demonstrated
background levels of [32P]dCMP incorporation into the
nicked DNA species (Fig. 5B, lanes 4 to 6). This result was
expected, since helicase I does not catalyze an onT-specific
nicking reaction in the absence of MgCl2 (15, 19). Interest-
ingly, when the proteinase K treatment was omitted (Fig.
SB, lanes 7 to 9), there was no synthesis above background
levels on the nicked DNA molecule. In this case, the nicked
DNA species was clearly seen on the ethidium bromide-
stained gel (Fig. SA, lanes 7 to 9). The significance of this
result will be discussed below.
In an effort to localize the site at which DNA synthesis
was occurring, similar reactions were performed in the
presence of two dideoxyNTPs, one deoxyNTP, and [a-32P]
dCTP. In this case, the DNA was cleaved with a restriction
endonuclease after the synthesis reaction, and the products
were resolved on an agarose gel (data not shown). The
gradient of incorporation of [32P]dCMP into the restriction
fragments was consistent with DNA synthesis initiated from
a 3' OH at or near the nick site. We conclude that the nick
introduced into pBSoriT DNA by helicase I has a 3' OH that
can be extended by Poll. Thus, the failure of the ligation
reaction is not likely to be due to the absence of a 3' OH.
The 5' end on the nicked strand is blocked. To characterize
the 5' end at the nick site, pBSoriT DNA nicked by helicase
I was isolated and cleaved with either XmnI or AlwNI, and
the resulting nicked, linear DNA molecule was denatured
and used as a substrate for phage T4 polynucleotide kinase
(Fig. 6A). In each case, the nicked, linear DNA molecule
was resolved into three DNA fragments of the expected
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FIG. 6. The 5' side of the nick site is resistant to phosphoryla-
tion. (A) Scheme used to detect labeling on the 5' side of the nick
site. The relevant restriction sites and the products of the restriction
digests have been indicated. The arrowhead indicates the nick site.
(B) Alkaline agarose gel stained with ethidium bromide. Lanes: 1,
Tral protein-nicked pBSoriT DNA digested with XmnI; 2, Tral
protein-nicked pBSoriT DNA digested with AlwNI; 3, pBSoriT
DNA digested with XbaI as a marker; 4, pBSoriT DNA digested
with PvuII as a marker; 5, pBSoriT DNA digested with PvuI as a
marker. (C) Autoradiograph of lanes 1 and 2 of the alkaline agarose
gel shown in panel B. Lanes: 1', same as lane 1; 2', same as lane 2.
lengths on an alkaline agarose gel, confirming the existence
of a unique nick (Fig. 6B). Since DNA fragments of the
predicted lengths were observed when the DNA was cleaved
with either XmnI orAlwNI, the nick site was located within
the oriT sequence as expected. Each of the nicked, linear
DNA molecules has three 5' ends that might be substrates
for phosphorylation by phage T4 polynucleotide kinase.
However, only two of the three DNA fragments could be
labeled with the polynucleotide kinase exchange reaction
(Fig. 6C). In each case, the DNA fragments that were
phosphorylated by polynucleotide kinase were the DNA
fragments containing 5' ends generated by the restriction
endonuclease cleavage reaction. The 5' end produced by the
helicase I nicking reaction was resistant to phosphorylation
by polynucleotide kinase. Identical results were obtained
when the DNA was treated with bacterial alkaline phos-
phatase prior to reaction with polynucleotide kinase (data
not shown). In addition, it should be noted that the nicked,
linear DNA molecule was denatured by being heated prior to
incubation with polynucleotide kinase. Thus, it is likely that
the 5' end at the nick site is blocked in some way and
resistant to phosphorylation by polynucleotide kinase.
pBSoriT-protein complexes. On the basis of the results
presented above, it seemed reasonable to suspect that heli-
case I might remain tightly bound on the 5' end of the nicked
strand after phosphodiester bond cleavage. To test this
possibility, we used a procedure developed to isolate the
SDS-resistant protein-DNA complex intermediates in topo-
isomerase reactions (24). Helicase I was incubated with
pBSoriT DNA, the reaction was terminated by the addition
of EDTA and SDS, the mixture was heated at 70'C to allow
the SDS to denature the protein, and then KCI was added
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Tra I p + + +
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FIG. 7. Precipitation of protein-DNA complexes with KCl in the
presence of SDS. Nicking reaction mixtures (40 VI) contained 740 ng
of pBSoriT DNA and 1.6 pg of helicase I (TraIp), and nicking
reactions were performed as described in Materials and Methods
with the indicated modifications. The reaction mixtures were incu-
bated for 30 min at 370C. SDS was added to a final concentration of
0.2%, and EDTA was added to a final concentration of 10 mM; the
reaction mixtures were heated at 70°C for 10 min. KCl was added to
a final concentration of 100 mM, and SDS-KCI precipitates were
allowed to form at 0°C for 10 min. The precipitate was recovered by
centrifugation in a microcentrifuge for 10 min at 4°C. The superna-
tant (S) was carefully removed, and 25 ,1 was applied to a 0.9%
agarose gel containing ethidium bromide. The pellet (P) was sus-
pended in 25 pI of TE buffer and applied to a 0.9% agarose gel. The
positions of nicked pBSoriT DNA (nc) and supercoiled pBSoriT
DNA (sc) have been indicated.
and a K-SDS precipitate was allowed to form at 0°C. The
precipitates were collected by centrifugation and suspended
in TE buffer for analysis by agarose gel electrophoresis (Fig.
7). In the absence of helicase I, this procedure precipitated
only background levels of DNA (Fig. 7, lanes 1 and 2). In the
presence of helicase I, a substantial amount of nicked DNA
was recovered in the precipitate. Little or no supercoiled
DNA was observed (Fig. 7, lanes 3 and 4). In a control
reaction, helicase I was incubated with pBSoriT DNA in the
presence of EDTA. Under these conditions, helicase I does
not nick at onT (15, 19), and the K-SDS precipitate con-
tained only background levels ofDNA (Fig. 7, lanes 5 and 6).
This result indicates that this procedure precipitates helicase
I-nicked DNA complexes specifically. When proteinase K
was included in the incubation with SDS, we observed little
precipitation of nicked DNA (Fig. 7, lane 8). However,
increased amounts of nicked DNA were present in the
supernatant from this precipitation (Fig. 7, lane 7), indicating
that nicking had occurred. Presumably, the proteinase K had
removed the protein bound to the DNA. Taken together,
these data suggest the existence of an SDS-resistant nicked
DNA-protein complex.
To confirm the presence of helicase I in this complex, the
DNA on the agarose gel from a similar experiment was
transferred to a nitrocellulose membrane and probed with
antibodies directed against helicase I (data not shown). The
complex migrating at the position of the nicked DNA clearly
bound the anti-helicase I antibodies. Free helicase I migrated
more rapidly than the helicase I-DNA complex on these gels.
Unfortunately, these experiments are not sufficiently quan-
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FIG. 8. Helicase I is covalently bound to nicked DNA. Standard
nicking reaction mixtures (80 Ill) contained supercoiled pBSoriT
[32P]DNA (<50 ng), 5 pg of unlabeled pBSoriT DNA, and 2.2 pg of
helicase I unless otherwise indicated. Incubation was at 37TC for 60
min, followed by the addition of SDS to 1.0%o and continued
incubation at 420C to form the nicked DNA-protein complex. The
SDS was then removed by gel filtration chromatography prior to the
DNase I reaction. DNase I (10 U) was added in a reaction mixture
(400 pI) that contained nicked pBSoriT DNA pooled from the gel
filtration column (330 ptl), 10 mM Tris-H4Cl (pH 7.5), 10 mM MgCl2,
and 1 mM dithiothreitol, and incubation was for 60 min at 37°C. This
step was omitted for the reaction lacking DNA (lanes 3 and 3').
Proteins were precipitated with 10% trichloroacetic acid, suspended
in SDS gel loading buffer, and heated at 100'C for 3 min prior to
being loaded on an SDS-8% polyacrylamide gel. (A) SDS-poly-
acrylamide gel stained with Coomassie blue. Lanes: 1, molecular
mass markers (Mrs in kilodaltons are indicated on the left); 2, no
helicase I added to the nicking reaction; 3, no DNA added to the
nicking reaction and helicase I increased to 10 pg; 4, complete
nicking reaction. (B) Autoradiograph of the gel shown in panel A.
Lanes 2', 3', and 4' correspond to lanes 2 to 4 in panel A. The
position of helicase I (Tralp) is noted on the right. The additional
polypeptides observed on the Coomassie blue-stained gel (panel A,
lanes 2 and 4) are presumably due to the presence of bovine serum
albumin and DNase I in various steps of the procedure.
pBSoriT DNA complex. However, in view of the fact that
the complex was heated with SDS at 70°C, it seems likely
that only one helicase I molecule was bound per DNA
molecule in the complex observed on the agarose gel. This
does not exclude the possibility of multimers of helicase I
associated with the DNA prior to treatment with SDS.
Helicase I is covalently bound to the DNA. Covalent attach-
ment of helicase I to the DNA in the nicked DNA-protein
complexes was directly demonstrated by radioactive label
transfer from [32PJDNA to protein as shown in Fig. 8.
Supercoiled pBSoriT DNA was labeled with [32P]dGMP in
the strand nicked by helicase I as described under Materials
and Methods. After nicking by helicase I, the [32P]DNA was
digested with DNase I, and the proteins were resolved on a
polyacrylamide gel run in the presence of SDS. This resulted
in the transfer of a radiolabeled phosphate from the [32p]
DNA to helicase I (Fig. 8B, lane 4'). Two labeled polypep-
tides corresponding to helicase I are clearly seen. We
presume that the smaller polypeptide results from degrada-
tion during sample preparation. Control experiments lacking
either helicase I (Fig. 8, lanes 2 and 2') or [32P]DNA (Fig. 8,
lanes 3 and 3') did not contain a labeled polypeptide corre-
sponding to helicase I. Additional control experiments (data
not shown) indicated that there was no label transfer from
[32P]DNA to protein in the presence of EDTA and that the
labeled species observed was sensitive to protease treat-
ment. Thus, helicase I is covalently bound to the nicked
DNA in the protein-DNA complexes.
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DISCUSSION
E. coli DNA helicase I catalyzes an onT site- and strand-
specific nicking reaction (15, 19) which initiates conjugative
DNA transfer. We have characterized the product of the
nicking reaction with regard to (i) the precise site of the
strand interruption and (ii) the chemical structures present
on both sides of the strand break. The initial experiments
demonstrating the oriT-specific nicking reaction catalyzed
by helicase I mapped the 5' side of the nick site at single-
nucleotide resolution (15). However, the 3' side of the nick
site was not determined in those studies, leaving open the
unlikely possibility that helicase I might introduce a small
gap in the DNA substrate. The 3' side of the nick site has
now also been mapped, at nucleotide resolution, to clearly
show that helicase I catalyzes the cleavage of a single
phosphodiester bond between bp 140 and 141 (relative to the
BglII site) on the onT map (Fig. 1). This map position
corresponds to a nick after nucleotide 137 in the numbering
system used by Thompson et al. (23) and is in complete
agreement with their data obtained from plasmids nicked in
vivo. Reygers et al. (19) have mapped the 5' end of the
nicked site at nucleotide 138 by a primer extension analysis.
In these experiments, there is a second, apparently less
abundant, strand interruption located at nucleotide 137. The
reason for this disagreement is not clear at present.
The nick introduced by helicase I cannot be sealed by
phage T4 DNA ligase, suggesting that one (or both) of the
ends present at the nick site has been modified. The 3' end
on the nicked DNA strand has a 3' OH that can be extended
by E. coli DNA polymerase I. Interestingly, the 3' OH
present at the nick site cannot be extended by Poll in the
absence of treatment with SDS and proteinase K. The
significance of this observation is not understood at present.
However, this could be a manifestation of the binding of
helicase I to the 5' end of the nicked strand. The presence of
a large protein, bound on the 5' terminus at the nick, might
sterically hinder the binding of Poll to the 3' OH. Alterna-
tively, the 3' OH could be held in a complex with helicase I
prior to treatment with SDS and proteinase K. In this case,
denaturation of the protein would be expected to disrupt the
complex and expose the 3' OH, making it available to Poll.
We cannot distinguish between these possibilities at present.
The 5' side of the nicked site is resistant to phosphoryla-
tion by phage T4 polynucleotide kinase. This rules out the
existence of a 5' OH or a 5' P04 and suggests the possibility
of protein (or a small peptide after proteinase K digestion)
bound on the 5' end of the nicked DNA strand. In fact,
precipitation of protein-DNA complexes with cold KCl in
the presence of SDS (24) has been used to demonstrate the
existence of an SDS-resistant nicked DNA-protein complex.
Immunoblotting experiments have revealed that helicase I is
bound to the nicked DNA. In addition, the transfer of a
radiolabeled phosphate from pBSoriT [32P]DNA to helicase
I to form a complex that is resistant to boiling in SDS
indicates that helicase I is covalently bound to the nicked
DNA. Thus, we propose that the enzyme binds covalently to
the 5' terminus on the DNA substrate as it catalyzes the
introduction of the strand break. We presume that the
catalytic amino acid makes a nucleophilic attack on the
phosphate in the phosphodiester bond between bases 140
and 141 in oriT which results in cleavage of the phosphodi-
ester bond and covalent attachment of helicase I to the 5'
side of the nicked DNA strand. Experiments to identify the
catalytic amino acid are in progress.
Pansegrau et al. (17, 18) have reported similar findings
with the proteins involved in site- and strand-specific nicking
of the RP4 plasmid. However, the protein which binds the 5'
end of the nicked RP4 DNA strand is not a helicase. In
addition, our results are consistent with results reported
over two decades ago in which a nicked F plasmid DNA-
protein relaxation complex was isolated (10). It now seems
likely that the complex previously described by Kline and
Helinski (10) was nicked at onT and contained a covalently
bound molecule of helicase i.
Whether the nicking reaction catalyzed by helicase I
represents an endonuclease reaction or an equilibrium be-
tween strand breakage and religation is not known. An
equilibrium between strand breakage and resealing has been
suggested previously to account for the low recovery of
nicked DNA (8). Indeed, our in vitro experiments yield only
-50% of the substrate in the nicked species after incubation
with a molar excess of helicase I. Neither prolonged incu-
bation nor the addition of TraY protein improves this result
dramatically (14a). However, partially relaxed DNA inter-
mediates have never been observed under any set of condi-
tions that have been tested. If helicase I is capable of a
cleavage-ligation reaction, then it seems likely that helicase
I may reseal the nicked strand within the recipient cell after
strand transfer.
We also note that treatment of the protein-DNA complex
with protein denaturants like SDS or proteinase K is re-
quired to observe the nicked DNA species. This is reminis-
cent of the reaction catalyzed by type I topoisomerases in
which protein denaturants are required to trap protein-DNA
intermediates (27). Perhaps one of the other proteins re-
quired for DNA strand transfer participates in stabilizing the
nicked DNA-protein complex prior to the initiation of strand
transfer.
In view of the results presented here, it is necessary to
reconcile the 5'-to-3' unwinding reaction catalyzed by heli-
case I with the nicking reaction which results in the binding
of helicase I to the DNA substrate. A model which takes
both of these properties of the protein into account is
presented in Fig. 9. The model envisions two domains within
the helicase I molecule, perhaps connected by a flexible
hinge region. This would allow the molecule of helicase I
which has bound to the 5' end of the nicked strand to migrate
unidirectionally in the 5'-to-3' direction to unwind the F
plasmid. This is formally analogous to the reaction catalyzed
by the bacteriophage OX174 cistron A protein in conjunction
with the Rep helicase when unwinding the X174 replicative
form I DNA molecule (6). However, in the latter case, two
proteins are involved, and the helicase migrates in the
opposite (3'-to-5') direction. If indeed this model for strand
nicking and unwinding is correct, then helicase I would be
positioned to catalyze the ligation of the transferred strand in
the recipient cell to produce a circular DNA molecule. The
details of such a reaction must await further experimenta-
tion.
It has long been known that the nicked DNA strand enters
the recipient cell with a 5'-to-3' polarity during the process of
bacterial conjugation (16, 20). Presumably, the end is
blocked in some way to protect the transferred DNA from
attack by exonucleases within the recipient cell. It has been
speculated that a protein is bound on the 5' end of the
transferred strand to afford the DNA this protection. It is
now clear that helicase I might very well be this protein.
Alternatively, it is possible that the end of the DNA mole-
cule does not enter the cell first. Rather, the end is seques-
tered within the donor cell, and markers near the end enter
the recipient first as single-stranded, but end-less, DNA (Fig.
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FIG. 9. Helicase I nicking and unwinding at oriT. A model for
helicase I nicking and subsequent 5'-to-3' unwinding of duplex DNA
containing the F plasmid oriT. See text for further details.
9). If, in fact, a single molecule of helicase I nicks at oriT,
binds to the 5' side of the nick and then unwinds the duplex
DNA as diagrammed in Fig. 9, then transfer of an end-less
DNA molecule can be envisioned.
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